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where A 2 is a dimensionless constant, E is the elastic modulus (MPa), and v is the 
friction coefficient. The associated volume removed is then 



where A 3 is a constant, and L is the distance (m) slid by the indenter. 
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(UHA-99/NTK and A473/Kyocera); SiC, TiC, and B 4 C were also judged to be 
outstanding. By far the lowest coefficient of dry sliding friction was 0.25, for hot- 
pressed TiC and also for hot-pressed NbC-TaC. A blue oxide which formed on both 
hot-pressed TiC and a TiC cermet was felt to have a beneficial lubricating effect. 


r- 




II. EXPERIMENTAL APPROACH 
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The pin candidate ring materials used were composed of SiC (discussed above), 
hot-pressed titanium carbide (TiC), and nickel-molybdenum bonded TiC cermets. 
Rationales for the TiC systems were based on the limited friction and wear work 08 
20) discussed earlier. 
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2. Microhardness Tests 

Microhardness tests were performed using a standard Tukon tester totally enclosed 
in a special environmental chamber. A test load of 800 gm was applied to a high 
temperature diamond indenter. A heating unit was used to bring the ceramic 
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Additionally, wear rates were characterized by weighing pins before and after testing 
in a precision balance (these tests were frequently compromised by chipping and/or 
oxidation weight gain). A more reliable measure of weight loss was provided by 
profilometry of the disk wear tracks. These latter measurements provided the main 
body of reliable wear rate data. 


D. Surface Modified Ceramics 
1. Ion Implantation 

The implantation process used 2 was actually a variant known as ion mixing. In this 
technique, a thin coating of metal is vapor deposited onto the ceramic substrate, 
and argon ions are accelerated through a potential field, driving the deposited metal 



2 Westinghouse R&D Center, Pittsburgh, PA. 
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speeds. For each speed and load, ring/liner friction force characteristics and 
temperatures were recorded after all component temperatures had stabilized. 
Nominal ring groove temperatures measured during friction rig tests were 
approximately 150 °F. 
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data were recorded at 1000 rpm under varied load conditions. At the end of the 30 
hour test, the rings and liner were examined for wear. 
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III. EXPERIMENTAL RESULTS 
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The smoothed curve K C (T) values for these three materials in the DE environment 
are shown in Figure 22. Wide quantitative and qualitative differences are apparent. 
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environment as in Figures 30 through 33. 
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carbides. As wear proceeds, adjoining particles are placed in higher rehet (rigure 
43b) by the plastic flow process, and eventually pits (Figure 43c) are eroded around 



the carbides. Finally, the particles are fully exposed (Figure 43d). Their subsequent 
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3 Pending Auger spectroscopic analysis. 



*.S o 

g rO * 

ij 


■a IS ai 
8 S 

.| S c 

C u J) 

2 | o 

• a 3 £ 

g +- > <d 

w| s 

* .59 B 
S5.2 
S 2 -g 

<u -5 ^ 

III 

3-2 3 

1/3 S 3 

3 2 g 

O <D c 

CJ c/3 

•3 'O d> 

g 3 I 
o o o 

O 45 — 

n v> <u 
2 *-> X! 

C J— H 4~> 


J3 eg CJ O OJQ 

§ 2 gl 

X3 O ’S J3 ,2 
13 ^ o 2 

. -M ^ 6 <U 

SI ~ s o ^ 

CO <-> 4=1 

S^.s 

a« 8 f-g 

d a r, d S 

•3 6 a 'S I 

5P o o _ g 
^■5 21 
E- •- '-3 J* ^ 


c s 2 «* > 

*Z? P 2 <D Z> 
Qh > .eg 

CQ oo mS -5 

s 6 - 

<5 <2 53 'S O 
^1 § 2 8 
g g 8 o § 

-a - 2.2*3 
« 3 8 ~ ^ 

I I ££l 

VI 2 5) 


o a c 

£ g <D 
X) ij +-> 
O X5 
CD <D 
^ X3 tj 


B >,.2 
g c E 
B u 2 

C2 T3 o 

> c q, 

U IU 


So3 2 ^>- 
8 -S -5 u § 

13 3 a> — 
b; ti 8 -a 8 c 
3 rt c *" ^ o 

b || a •£ s 

*r-H X rO .jH OQ 

GO O O Ph^=! c/j 


8 5: 

£ Ph 
o 

4*a‘ 


- 2^8 
ac 2 «£ 


i— i c »— h »— ( i. M-f r 

^ on ° o S + 
9 -2 U ex go-S •£ 


O CO CA) fr ~ " 

<D ^ ^ C, >^X5 
i-H o CD X <D 

Vn c -»— 1 03 55 5 to? 

^ j-h CX O c3 

M « 0 le S -S 

c •- 

2 SHo 8 8 


ts bo 8 
o c — 


3 8 S3 

§* 8 8 
■C q c3 

tn V 


^ P 

co 

O to 8 c^5 9 
X d ^ 1 P 

* .5 g ^ e 

, A ^ s ^ 

2 C O rS 9 

°.b =3 2 

—1 >, > E 

iXh ^ A) H CD 

S 8 - -3 -s 

g/ S 3 g -O 

!"8 5«g § 

O I> X 0 (U 
O U CD 2 <-X 

‘3 2o 7- -o "c 

c -§ g « g 
x u 9 o c 

§ 8 ^ 2 ^ 


2 u •- 
S^cSl 

> C <N 03 


CO J-; OJT) TO 

a g ^ 
6 *S ex.a 

• X g OhTD 
1 cj .^h 


■ w • 1— i 

c JC xq - 
.oooZ 


t£ 3 jo O 
C 4> Ofl <U 0 

a.a S 3 73 
i C o 

O 8 0 6 

■\ x 2 ^ S3 


^’co *S 

0 03 ‘3 !z ^ 

03 -h 43 ^ <D 

L_ , V— 1 »i-H (-H 

O o c3 CO S 



We shall use Ti0 2 and NiO to indicate these oxides, although the exact 
stoichiometry was not determined. 
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have been in contact with the ion-implanted disks. An example of such a zone is 
shown in Figure 52 for a Ni-Mo bonded TiC pin run against TiNi ion-implanted 
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charge is created through the production of secondary electrons by the 


incident beam. The dependence of the secondary electron yield, 6 , on the primary 
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Alteration of specimen surfaces, either conducting or nonconducting, by the electron 
beam or ion beam sputtering can occur by electron beam reduction of the 
surface* J , migration of ionic species by charge buildup* 263 , beam heating* 26,293 , and 
preferential sputtering* 313 . These problems will have an important effect on the 
interpretation of quantitative and chemical Auger data. The results of this 
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features found there, the pins were not silver coated. They were, however, wrapped 
in aluminum foil, leaving the worn end uncovered. Examination at glancing 
incidence of the electron beam was required to avoid charging problems. 

Results of Analysis on Titanium-Nickel Implanted Disks 
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with depth, but no quantitative information is implied. 



of the disks as received after ion-implantation are shown 
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While quantitative depth analysis of these specimens is made difficult due to surface 
roughness and composition induced preferential sputtering, elemental depth profiling 
has provided useful qualitative information about the chemistry of the observed wear 
tracks. Elemental depth profiles taken at various points on and away from the wear 
tracks indicate that, under the temperature and/or pin pressure conditions of the 



observed for the pins, as shown in Figure 62. This definitely does not, however, 



preclude the fact that the nickel layer m 



The thickness of the laminates could not be determined because of surface 
roughness effects on sputtering. Low regions, especially any exposed substrate, 
tended to be preferentially sputtered, making the laminates appear very thick. 
Assuming that nickel was removed from the surface (and possibly deposited on the 
pins), it would be logical to assume that the laminates would be thinner than the 

Ari rrinol i rv-i r\ 1 n Ta „ 1 i i , . _ . 


13 

G 

^ 

£ 1 zf 


■■s 5.S 


I Ctf cd 
! 43 a G 
1 60 6JQ.g 

J3 "q> 2 
— g 


•S o 


4 G CD O 
3 6J0 

73 <D j-h CD 

3 £ > .5 
3 £ g 2 
u g E 

2 JG O <D 

2 43 ^ 

- oo.ti 

> <u c 

> Sj-c j* 
! £ S3 

3*8 * * 

I 

§D.2 
w> # c 

3 t)f) O 

> <L> Ej O 

3 44 § -fa 

j-ils 

>-sf£ 
i <3 43 § 

: O 

■ .s’S* 

! .S «3 ■£* 

> JS <u 3 

• « a/S, 

! Oh c3 

! < C3 2 


, . . t 1 . v, » » N^v. 1/ViiU r 1 A 1 OWUUp/ wap 

similar to the titanium-nickel implanted disks. The cobalt implanted zirconia disks 
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1. Friction Rig Tests 

Following the pin-on-disk screening tests, piston rings and liners produced using the 
selected material combination (reference Figures 4 and 5) were subjected to friction 
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engine started and data was taken at 1000 rpm under light load. Under these load 



performance data were obtained. 


Blowby fluctuated significantly during the 30 hours of testing with the ceramic rings 
and liner. This is shown in Figure 73. The magnitude and variation of the blowby 
indicates poor ring sealing most likely caused by the combination of low ring tension 
and hydrodynamic lubrication. 
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where a layer of Ni was deposited first, followed by a layer of Ti. Thus, the baseline 
region showed high levels of the surface layer component. However, some of the 
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IV. DISCUSSION OF RESULTS 



Although the friction coefficients of all of the unmodified couples exceeded 0.2, 
there were encouraging results regarding wear resistance. For those cases in which 
TiC or Ni-Mo-TiC material was transferred to disks in the form of titanium oxide 
films, disk wear was essentially non-existent (unmeasurable via surface profilometry), 
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containing diesel environments, even though material transfer took place. However, 
as will be discussed shortly, TiC and Ni-Mo-TiC pins run against unmodified ceramic 
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CERAMIC CYLINDER LINER 
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EXPERIMENTAL VARIABLES 




FIGURE 4. MATERIAL COUPLES USED FOR FRICTION 
RIG AND ENGINE TESTS 







MATERIAL COMBINATION NO. 1 
(Ni-Moly Bonded TiC rings/PSZ liner) 



FIGURE 5. DESCRIPTION OF CERAMIC PISTON RINGS 
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FIGURE 7. GENERAL VIEW OF FRICTION RIG 
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8LACK AND white photograph 



FIGURE 11. PHOTOGRAPH OF MODIFIED D-I DIESEL PISTON 
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BLACK AND WHITE PHOTOGRAPH 



(a) Early wear, NC 132 disk 



DELAMINATION IN NC 132 DISK, AND RADIAL OR CONE-CRACK 
WEAR PARTICLE FORMATION IN SiC PINS 
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FIGURE 39. DELAMINATION DEVELOPMENT IN PSZ DISKS DURING 
SLIDING OF SiC PINS AT 23°C IN DE 





FIGURE 41. PSZ DEPOSITED ONTO SiC PINS 
AT 23°C IN DE 





(a) Unworn pin, uncoated (b) Early wear pin, uncoated 









PHOTOGRAPH 



(a) Early wear, carbides come (b) Later wear, particle 

into relief (arrow) due to relief 

plastic flow in surrounding 
matrix 
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FIGURE 43. SiC PIN WEAR DUE TO PLASTIC DEFORMATION 
INDUCED BY A PSZ DISK, 23°C, DE 
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(a) Equilibrium wear, pin 



FIGURE 45. WEAR OF K162B PINS/NC 132 DISK IN Ar AT 23°C 
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(a) Transition wear 



NC 132 DISK AT 800°C IN Ar 
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(a) Transition wear, pin (b) Initial Wear, Region A 



AFTER TESTING AT 800°C IN DE 
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FIGURE 51. SCANNING AUGER ANALYSIS OF TiNi ION-IMPLANTATION IN NC 132 
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ENVIRONMENT AT 800°C 
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FIGURE 59. WEAR TRACK OF PSZ (TiNi) DISK RUN AGAINST A 
Ni-Mo-TiC PIN (/* F = 0.25) IN A DIESEL ENVIRONMENT AT 800°C 
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FIGURE 60. ELEMENTAL DEPTH PROFILES OF ION-IMPLANTED DISKS BEFORE TESTING 


T1 / (387 oV)\ \0 (510 eV) 
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FIGURE 61. ELEMENTAL DEPTH PROFILES TAKEN AWAY FROM THE WEAR TRACK 




FIGURE 62. TYPICAL AUGER SPECTRUM TAKEN AFTER PARTIAL SPUTTER 
REMOVAL OF THE IMPLANTED (TiNi) LAYER FROM A DISK 
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FIGURE 63. ELEMENTAL DEPTH PROFILE ON AN IMPLANT LAYER 
LAMINATE LEFT ON THE WEAR TRACK OF A Si,N 4 DISK 
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FIGURE 64. TYPICAL FRICTION FORCE TRACES FOR 
HYDRODYNAMIC CAST IRON COMPONENTS 
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FIGURE 80. EDS SCUFF MATERIAL ANALYSIS 
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FIGURE 84. COMPARISON OF EDS ANALYSIS FOR DARK AN 
LIGHT REGIONS OF PSZ LINER AT TRR AFTER 30 HOURS 
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(a) Pure PSZ 
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FIGURE 87. FILM-LUBRICANT TRANSFER IN THE TiC/NC 132 SYSTEMS 
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